INTRODUCTION
Extended and rapid polarized hyphal growth is a key feature of filamentous fungi. This distinguishes mycelium-forming fungi from their yeast-like relatives. It also makes genetically tractable filamentous fungi attractive systems to study the diverse aspects of polarized growth and furthermore compare it to other biological systems, e.g. plant pollen tube growth or animal neuronal development (Steinberg et al. 2017) . Small GTP-binding proteins of the Ras, Rho, Rab, Ran and ADP-ribosylation factor (Arf) families have been known for their prime roles in regulating diverse cellular processes including exocytosis, endocytosis and the modulation of the actin cytoskeleton and thus control cellular morphogenesis (Takai, Sasaki and Matozaki 2001) .
Ras family members regulate gene expression, e.g. via MAP kinase pathways or the cAMP-protein kinase A pathway (Engelberg et al. 2014; Gutin et al. 2015) . This is particularly important for the yeast-to-hyphal transition in Candida albicans. Deletion of RAS1 in C. albicans abolishes filament formation and reduces the virulence of this human fungal pathogen (Leberer et al. 2001) . Interestingly, a fungal-specific N-terminal domain in RasA was found to be essential for polarized morphogenesis in Aspergillus fumigatus (Al Abdallah et al. 2016) . Rho/Rac/Cdc42 family members also participate in the regulation of gene expression with respect to altering morphogenesis and the organization of the actin cytoskeleton. Fungal Rho proteins are required for the establishment and maintenance of polarized growth (Wendland and Philippsen 2001) . Ran-GTPases are specialized in nucleocytoplasmic export of proteins and RNAs, while Rab and Arf proteins regulate intracellular trafficking of vesicles (Stalder and Antonny 2013; Matsuura 2016) . Exocytosis (delivery of vesicles to the plasma membrane) and endocytosis (the incorporation of vesicles from the plasma membrane) are key events that promote polarized hyphal growth (Taheri-Talesh et al. 2008; Shaw et al. 2011; Echauri-Espinosa et al. 2012) . Vesicle trafficking can be described as a four-stage process in which vesicles are generated by budding, then transported to their destination where they dock to a receiving membrane compartment to which they then fuse. Of these events, the budding of vesicles is mainly regulated by Arf proteins (Takai, Sasaki and Matozaki 2001; Gillingham and Munro 2007) . The function of Arf proteins in filamentous fungi is not well understood. In Saccharomyces cerevisiae, Arf3 (the homolog of the human Arf6) is involved in the organization of the actin cytoskeleton and specifically interacts with cell polarity proteins and endocytosis factors (Costa, Warren and Ayscough 2005; Lambert et al. 2007; Upadhyay and Shaw 2008) . The Asp. nidulans homolog ArfB was found to regulate endocytosis and is required for polarity maintenance during hyphal growth . And recently, it was shown for C. albicans that Arf-GTPases, particularly Arl1 and Arf2, are key regulators of hyphal growth and virulence (Labbaoui et al. 2017) .
In this study, we analyzed the function of the A. gossypii ARF3 and its putative guanine nucleotide exchange factor and GTPase activating protein, encoded by YEL1 and GTS1, respectively. Deletion of YEL1 displayed wildtype-like phenotypes and deletion of ARF3 resulted only in a minor endocytosis defect. For the gts1 mutant, however, we show a drastic reduction of polarized hyphal growth and maintenance of cell polarity, which is accompanied by a defect in endocytosis of the lipophilic dye FM4-64. Accordingly, Gts1-GFP was found to localize to sites of polarized growth at hyphal tips, and septa and the Arf-GAP domain of Gts1 was found to be required for complementation of the growth defects.
MATERIALS AND METHODS

Strains and media
The A. gossypii leu2 strain derived from the ATCC10985-type strain was used in this study. Strains were grown in either Ashbya full medium (AFM, 1% yeast extract, 1% peptone, 2% glucose) or in complete synthetic medium (CSM, 1.7 g/l Yeast Nitrogen Base w/o ammonium sulfate and w/o amino acids, 0.69 g/l CSM (Formedium, UK), 20 g/l glucose, 2 g/l asparagine and 1 g/l myo-inositol). Supplementation with antibiotics was done with 200 μg/ml geneticin and 100 μg/l clonNAT for the selection of transformants. A list of strains used in this study is compiled in Table S1 , Supporting Information. Ashbya strains were incubated at 30
• C. Sporulating cultures were obtained by preculturing a strain in AFM and subsequently transferring it to CSM minimal medium. Sporulation ensued shortly, latest after 3-5 days. Saccharomyces cerevisiae was grown in complex medium (YPD 2% glucose, 1% yeast extract, 2% casein peptone) at 30
As a host for plasmids, Escherichia coli strain DH5α was used.
Transformation of A. gossypii and S. cerevisiae
Ashbya gossypii strains were transformed by electroporation as described previously (Wendland et al. 2000) . For the generation of A. gossypii deletion strains, PCR-based gene targeting cassettes based on GEN3 were used. Plasmids were selected based on NAT-resistance markers. Plasmids used are shown in Table S2, Supporting Information. Primer sequences are shown in Table S3 , Supporting Information. Saccharomyces cerevisiae cells were transformed using the lithium acetate method (Gietz and Schiestl 2007) . Verification of mutant strains was done as described previously (Wendland et al. 2000) . Transformation of the wildtype yields heterokaryotic strains, i.e. strains carrying wildtype and mutant nuclei in a single multinucleate cell. These heterokaryons exhibit in most cases wildtype phenotype. Upon sporulation and selection of spores, homokaryotic mutant strains are generated. Diagnostic PCR was used to identify the novel 5'-and 3'-joints indicative of integration of the disruption cassette at the correct locus. Furthermore, the absence of the ORF of the deleted gene was verified using internal primers.
Plasmid constructs
Plasmids pAG19275(GTS1) and pAG17522(ARF3) were obtained from the pAG-plasmid library kindly provided by Peter Philippsen. To use these plasmids in complementation assays, the inherent ScURA3 gene was replaced with NATMX4 via homologous recombination in S. cerevisiae-generating plasmids C781 and C943, respectively. AgGTS1-GFP (C787) was generated in yeast by targeting a GFP-NAT1 cassette (based on C470) into pAG19275. The plasmid-bearing gts1 ArfGAP (C832) was constructed by cloning the ARF-GAP encoding domain into a pRS418 shuttle vector (C455) using XbaI/XhoI restriction sites. This placed the 5'-end of GTS1 with its native ATG start codon under the control of the AgTEF1 promoter. Similarly, the 3'-end of GTS1 was placed under AgTEF promoter control generating plasmid C938. Here an ATG was added in front of the UBA domain.
Cytological staining and microscopy
For imaging, small mycelial inocula from overnight liquid cultures were grown in 10 ml AFM with appropriate selection at 30
• C for 4 h. Microscopy was done using an Axio Imager M1 microscope (Zeiss, Germany) and mycelial images were taken using a MicroMax1024 CCD camera (Princeton Instruments, USA). Microphotographs were edited using Metamorph 7 software (Molecular Devices LLC, USA). Fluorescence microscopy was performed using the appropriate filter settings for GFP fluorescence (excitation 470 ± 20 nm, emission 525 ± 25 nm) and FM4-64 (excitation 545 ± 15 nm, emission 620 ± 30 nm). The actin cytoskeleton was stained with rhodamine-phalloidin (Molecular Probes) on A. gossypii mycelia fixed in PBS with 3.7% formaldehyde (Oberholzer et al. 2002) . The samples were observed with microscope using the GFP filter set. To visualize endosomes and vacuoles in A. gossypii, mycelial were stained with 2 μM FM4-64 (Molecular Probes) and incubated at room temperature for 15-120 min ( 
RESULTS
Identification of the Arf3-module proteins in A. gossypii
Arf factors are a group of proteins within the Ras superfamily of small GTPases. As other GTPases, Arf3 can cycle between active GTP-bound and inactive GDP-bound states. Shuttling between both states is regulated via a GEF (Guanine nucleotide Exchange Factor) and a GAP (GTPase-activating proteins 
GCS1-ABL164C, GLO3-AGL279C, AGE1-YDR524C, AGE2-ADL084W
and GTS1-ACL055c. In this study, we put our focus on the presumptive Arf3-module and characterized the Ashbya ARF3, YEL1, and GTS1 genes. GTPase proteins are generally quite highly conserved between A. gossypii and S. cerevisiae. Thus, AgArf3 bears more than 80% identity on the protein level with ScArf3. Yel1 and Gts1 proteins are much less conserved between both species. Even though AgYel1 and ScYel1 are of similar size (707 vs 687 aa), the only domain that is recognizable is the 200 aa Sec7-GEF domain (Fig. 1) . The AgGts1 protein is 75 aa longer than its yeast homolog (471 vs 396 aa). Most of this size increase is located to the C-terminal part of AgGts1 within the glutaminerich region. Otherwise, both Gts1 homologs share the same domain structure with an N-terminal Arf-GAP domain followed by a ubiquitin-associated domain and proline and glutamine-rich regions (Fig. 1) .
Deletion of GTS1 results in a hyphal growth defect in A. gossypii
We used PCR-based gene targeting to completely delete the ORFs of ARF3, YEL1 and GTS1 in A. gossypii. Two independent transformants were analyzed for each gene. Initially, transformation generates heterokaryotic transformants that show wildtype phenotype due to the presence of wildtype and mutant nuclei in a multinuclear syncytium. Ashbya gossypii spores contain only one haploid nucleus each, which allows the selection of mutant nuclei and the generation of homokaryotic mutant strains. To analyze radial growth rate, we grew clonally selected mutants on solid media. This portrayed a severe growth retardation in gts1 strains, while deletion of either ARF3 or YEL1 apparently did not affect hyphal growth speed in a significant manner in the temperature range between 20
• C and 37
• C ( Fig. 2A and B). The reduced growth rate of gts1 could be attributed to severe defects in polarity maintenance as hyphae generated bulbous swellings and irregular branches instead of fast straight growing hyphae as in the wildtype ( Fig. 2C and D) . Interestingly, the characteristic tip splitting (dichotomous branching pattern) known from the wildtype can still be found in the gts1 mutant strain indicating that polarity establishment is still functional.
GTS1 deletion leads to defects in the organization of the actin cytoskeleton
In addition to growth retardation, gts1 strains show a strongly reduced ability to sporulate. The growth defect of gts1 resembles that of other previously characterized endocytosis mutants, particularly the wal1 and sac1 mutants (Walther and Wendland 2004; Jorde, Walther and Wendland 2011) . Since wal1 has a septation defect, we stained gts1 mycelia with calcofluor to locate chitin rich septa. This indicated that septation does occur in gts1 but that hyphal compartments are smaller due to stunted growth compared to the wildtype or the arf3 and yel1 mutants (Fig. 3A) . Polarized growth requires the underlying polarization of the actin cytoskeleton towards the hyphal tip. Therefore, in wildtype cells cortical actin patches are found clustered at hyphal tips. Depolarization of the actin cytoskeleton generally leads to isotropic growth (Wendland 2001) . We analyzed the distribution of actin patches in wildtype, arf3, yel1 and gts1 by staining hyphae with rhodamine-phalloidin (Fig. 3B) . Wildtype, arf3 and yel1 hyphae show a similar apical concentration of patches in their fast-growing hyphae with patches also dispersed at other positions in the hyphae. In gts1 hyphae, there is an intense staining and localization of cortical actin patches in subapical hyphal positions. This mislocalization of patches could be complemented by reintroduction of a wildtype copy of GTS1. Interestingly, for complementation of the actin organization defect, the Arf-GAP domain of GTS1 was sufficient (Fig. 3B ).
This observation prompted us to analyze whether the Arf-GAP domain of GTS1 could also complement the growth defect of a gts1 strain. We transformed plasmids bearing either the full length GTS1 under control of its own promoter, the 5'-end of GTS1 bearing the Arf-GAP domain or the 3'-end of GTS1 with the UBA-Pro-Gln domains both under control of the AgTEF-promoter into the gts1 strain. While introduction of a wildtype copy of GTS1 fully restored the growth defects of gts1, the gts1 UBA-Pro-Gln allele exhibited the gts1 mutant growth defect,
indicating that the C-terminal part of Gts1 is insufficient to complement the mutant phenotype. The gts1 ArfGap allele, however, complemented the gts1 growth defect under standard conditions. Fast growth was restored at 30 • C; however, this allele could not complement growth of gts1 at elevated temperatures ( Fig. 4A and B) .
Comparison of endocytosis in wildtype and mutant strains
In order to study whether deletion of the Ashbya Arf3 GTPase module has any effects on endocytosis, the deletion strains were stained with the lipophilic stain FM4-64, and endocytic uptake of the dye was traced from early endosomes to vacuoles at different times after the addition of the dye (Fig. 5) . In the wildtype, FM4-64 rapidly reaches endosomes. A similar pattern was observed for the yel1 mutant. In the arf3 strain, endocytosis appeared to be slightly delayed as fewer endosomes were detected within 15 min after addition of the dye. Interestingly, we observed a minor defect of vacuolar fusion in subapical regions of arf3 hyphae. This apparent vacuolar morphogenesis phenotype is complemented by reintroduction of the AgARF3 wildtype gene (Fig. 5 upper panel) . FM4-64 staining shows a delay in internalization of the dye in at the hyphal tips compared to the A. gossypii wildtype, and early endosomes are not detectable in the gts1 strain until 60 min after addition of the dye. A slower rate of dye internalization is also indicated by the time required for FM4-64 to reach the vacuoles in older hyphal compartments. Vacuoles in gts1 hyphae are visualized only after extended incubation periods, while the dye is detectable in wildtype hyphae already after 15 min, and is readily visible after 60 min. This uptake defect is complemented by reintroduction of the wildtype GTS1 gene (Fig. 5, lower panel) .
Localization of Gts1-GFP in A. gossypii
Active, GTP-bound Arf3 has been shown to localize to membrane compartments throughout the cell in S. cerevisiae and humans. This localization is aided by N-terminal myristoylation, which differentiates Arf-GTPases from e.g. Ras and Rho-type GTPases that are post-translationally modified at their C-terminal ends (Donaldson and Jackson 2011) . As a regulator of active Arf, Gts1 should thus localize to membrane positions of active endocytosis. We used the plasmid-borne GTS1 that complemented the gts1 mutant phenotype and generated a GTS1-GFP allele using yeast in vivo recombination. The GTS1-GFP construct complemented the gts1 growth defects indicating that it is functional. Fluorescence microscopy of A. gossypii hyphae expressing the AgGts1-GFP construct showed punctate signals along the cell membrane, with distinct increase in fluorescent sites of polarized growth, i.e. hyphal tips and septal sites (Fig. 6 ).
DISCUSSION
Arf proteins make a subset of small GTP-binding proteins. Other members of this superfamily include Ras and Rho proteins. The latter proteins are post-translationally modified at their Ctermini at a conserved C-A-A-X motif, in which the aliphatic amino acids (A) and the indifferent last amino acid of the protein (X) are removed proteolytically and then the protein is polyprenylated, which adds a lipophilic anchor required for membrane attachment (Wright and Philips 2006) . In contrast, Arf proteins are N-terminally modified by glycine myristoylation. Therefore, the N-termini of Arf proteins are highly conserved (MFxxFS in Ashbya). This modification is also required for membrane attachment and, for example, Aspergillus swoF myristoylation mutants are defective in polarized hyphal growth . A comparative analysis of A. gossypii and S. cerevisiae Arf proteins and their putative GEFs and GAPs revealed a conserved set of genes. Due to the whole genome duplication, ancestral ARF1 and GEA1 (an Arf-GEF) have been duplicated and retained in yeast but are present only in one copy in Ashbya. In A. nidulans deletion of arfB, the S. cerevisiae ARF3 homolog showed drastic defects in endocytosis polarity establishment and in maintenance of cell polarity, while both Arf-GEFs geaA and hypB are essential for growth Arst et al. 2014) . In contrast, deletion of ARF3 in Ashbya and S. cerevisiae resulted only in minor defects. In C. albicans, arf3/arf3 mutants also did not show defects in the organization of the actin cytoskeleton, although yeast cells were rather round shaped. While C. albicans Arf3 is not required for filamentation and virulence arf3 mutants are nevertheless defective in invasive hyphal growth (Labbaoui et al. 2017) . Initial studies on ARF3 in S. cerevisiae detected only a function in cell polarity but not in endocytosis (Huang et al. 2003) . As we did not find a striking phenotype in our arf3 mutant either, we conclude that the function of Arf proteins is somewhat redundant. On the other hand, deletion of both copies of ARF1 and ARF2 in S. cerevisiae or of ARF2 in C. albicans is lethal (Stearns et al. 1990; Labbaoui et al. 2017) . Recently, the role of Arf proteins has been suggested to modulate the levels of phosphatidylinositol 4,5-bisphosphate (Smaczynska-de, Costa and Ayscough 2008). The arf3 mutant shows delayed endocytosis, which results in only small vacuoles being formed in subapical hyphal regions after 2 h. This can be compensated for by providing a wildtype copy of ARF3. The gts1 mutant shows strong cell membrane staining even after 2 h, indicating slow uptake of the dye. This defect was complemented by introducing a wildtype copy of GTS1 on an episomal plasmid.
The growth retardation and endocytosis defects described here for Aggts1 are somewhat similar to those previously observed in the Ashbya wal1 and sac6 mutants, which suggests that they may participate in the same process. (Walther and Wendland 2004; Jorde, Walther and Wendland 2011) . Our localization data of Gts1-GFP provides further evidence that the Arf3 module operates at sites of polarized growth.
In S. cerevisiae, clathrin-mediated endocytosis has been shown to involve sequential steps of assembly and disassembly of several protein complexes including clathrin coat formation, the organization of actin and vesicle budding (Kaksonen, Sun and Drubin 2003; Kaksonen, Toret and Drubin 2005) . In a further study by the Drubin group, Gts1 was found to be a component of the endocytic coat module together with clathrin, Lsb5 and Sla2 (Toret et al. 2008) . In Asp. nidulans, it was found that Sla2 homolog SlaB is required for the maintenance of polarized hyphal growth (Hervas-Aguilar and Penalva 2010) .
Surface expansion at the tip of A. gossypii hyphae is approximately 50 times greater than in growing yeast buds. Concomitant with fast hyphal growth Ashbya develops a Spitzenkörper, Figure 6 . Localization of AgGts1 in A. gossypii hyphae. Localization of C-terminally GFP-tagged AgGts1 at the hyphal tip and septal sites in a growing hypha. Photographs show a DIC image of growing hyphae overlayed with the AgGts1-GFP signal (green), and the GFP signal overlayed with a bright field image (in red). Scale bar is 10 μm.
which serves as a vesicle reservoir that fuels hyphal tip growth (Köhli et al. 2008) . The drastic difference between yeast and filamentous hyphal growth is indeed the membrane extension rate during hyphal growth. This will require a faster vesicle turnover rate or larger vesicle. Interestingly, in S. cerevisiae overexpression of ARF3 increased the number of endocytic sites (Smaczynskade, Costa and Ayscough 2008). It will thus be interesting to elucidate if the level of Arf3 is modulated in Ashbya during different growth stages, comparing e.g. slow-growing juvenile hyphae with hyphae of the fast-growing mature mycelia.
While deletion of ARF3 and YEL1-similar to S. cerevisiaeonly showed mild mutant phenotypes, deletion of GTS1 produced substantial defects. This is similar to the situation observed in S. cerevisiae. Here, several Arf-GAP proteins were identified in a suppressor screen for a loss of function mutant, arf1-3. This depicts a role of functional redundancies and specificities not only at the level of Arf proteins itself but also on the level of effector proteins (Zhang et al. 2003) .
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